A human cDNA sequence homologous to human deoxycytidine kinase (dCK; EC 2.7.1.74) was identified in the GenBank sequence data base. The longest open reading frame encoded a protein that was 48% identical to dCK at the amino acid level. The cDNA was expressed in Escherichia coli and shown to encode a protein with the same substrate specificity as described for the mitochondrial deoxyguanosine kinase (dGK; EC 2.7.1.113). The N terminus of the deduced amino acid sequence had properties characteristic for a mitochondrial translocation signal, and cleavage at a putative mitochondrial peptidase cleavage site would give a mature protein size of 28 kDa. Northern blot analysis determined the length of dGK mRNA to 1.3 kbp with no cross-hybridization to the 2.8-kbp dCK mRNA. dGK mRNA was detected in all tissues investigated with the highest expression levels in muscle, brain, liver, and lymphoid tissues. Alignment of the dGK and herpes simplex virus type 1 thymidine kinase amino acid sequences showed that five regions, including the substrate-binding pocket and the ATP-binding glycine loop, were also conserved in dGK. To our knowledge, this is the first report of a cloned mitochondrial nucleoside kinase and the first demonstration of a general sequence homology between two mammalian deoxyribonucleoside kinases. Our findings suggest that dCK and dGK are evolutionarily related, as well as related to the family of herpes virus thymidine kinases.
Purine deoxyribonucleoside analogs are extensively used in treatment of lymphoproliferative disorders (1). These compounds are administered as prodrugs, and their efficiency is dependent on intracellular phosphorylation to the corresponding triphosphates. In mammalian cells, the phosphorylation of purine deoxyribonucleosides is mediated predominantly by two deoxyribonucleoside kinases; the cytosolic deoxycytidine kinase (dCK; EC 2.7.1.74) and the mitochondrial deoxyguanosine kinase (dGK; EC 2.7.1.113) (2) . The cDNA sequence of human dCK is known, and both tissue-purified and recombinant enzymes have been extensively studied (3) (4) (5) (6) . Previous studies of dGK are based on enzyme purified and characterized from different tissues (7) (8) (9) (10) (11) . Purified dGK phosphorylates deoxyguanosine (dGuo) and deoxyinosine (dIno) with high affinity (Km < 25 ,uM) and deoxyadenosine (dAdo) with lower affinity (Km > 60 ,M) (7) (8) (9) . The clinically important nucleoside analogs 2-chloro-2'-deoxyadenosine (CdA) and 9-f3-D-arabinofuranosylguanine (araG) are also phosphorylated by dGK (9, 12) . All of these nucleosides and nucleoside analogs are also substrates for dCK, although the kinetic properties differ (2) . The effects of CdA and araG are generally considered to be mediated by dCK activation, but little is known about the relative contribution of dGK to therapeutic and toxic effects of these nucleoside analogs (13) .
We have in the present study used the human dCK cDNA sequence to find homologous cDNA sequences in an attempt to identify novel dCK-related enzymes. Several similar cDNA clones with 40-50% DNA sequence identity to human dCK were found in GenBank sequence data base, and the cDNA with the longest open reading frame was expressed in Escherichia coli. This protein was purified and demonstrated to have the same substrate specificity as shown for purified native dGK. The N-terminal sequence contained a possible mitochondrial translocation signal, and thus the putative intracellular localization is in accordance with previous reports on dGK (8) (9) (10) . Northern blot analysis revealed a unique expression pattern for dGK mRNA with no cross-hybridization to dCK mRNA. We conclude that these two distinct human deoxyribonucleoside kinases are closely related, and our data thereby introduce the concept of a family of human nucleoside kinases with at least two members. Two PCR primers (5'-TAAGGATCCAAGAGCCCACTC-GAGG and 5'-TTCAAGCTTCAGAAAGTCAGGGAGC-CCAG) with 5' restriction sites (BamHI and HindIII) were designed based upon the GenBank sequences obtained. A two-step hot-started PCR with 64°C annealing and extension (16) was performed on a human fetal brain cDNA library in lambda-ZAP vector (Stratagene). Human promotor DNA walking kit (CLONTECH) was used to clone the genomic region located upstream of the 5'-end of the cDNA clone. Nested primers designed from the 5'-end of the cDNA sequence (5 '-CCTCGAGTGGGCTCTTGGCCATGGAAC  and 5 '-TGAAGGGTGCTCGAAGCCGACTTAGAAA) were used in the PCR as described in the CLONTECH protocol. PCR products from both cDNA and genomic PCR were cloned into pGEM-T plasmid vector (Promega). DNA sequences were determined by automatic laser fluorescent (A.L.F.) sequencer (Pharmacia).
EXPERIMENTAL PROCEDURES
Protein Expression and Purification. The Protein Fusion & Purification System (New England Biolabs) was used to express the cDNA-encoded protein as a fusion to maltosebinding protein. The cDNA open reading frame was subcloned into the BamHI-HindIII sites of the pMAL-c2 plasmid (New England Biolabs) and transformed into the E. coli TB1 host strain. A single positive colony was inoculated in a large-scale culture [Luria-Bertani (LB) broth with 0.2% glucose and 100 mg of carbenicillin per ml] and grown at 37°C until OD600 = Abbreviations: dCK, deoxycytidine kinase; dGK, deoxyguanosine kinase; CdA, 2-chloro-2'-deoxyadenosine; araG, 9-f3-D-arabinofuranosylguanine; HSV1.TK, herpes simplex virus type 1 thymidine kinase; dGuo, deoxyguanosine; dAdo, deoxyadenosine; dIno, deoxyinosine; dCyd, deoxycytidine; Thd, thymidine.
Data deposition: The sequence reported in this paper has been deposited in the GenBank data base (accession no. U41668).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 0.5. Fusion protein expression was induced by addition of 0.3 mM isopropyl-l-thio-f3-D-galactopyranoside and growth continued for 2 Isoform 1 of the cDNA clones described above had the longest open reading frame and was homologous to dCK in all regions. We therefore chose to express it and characterize the encoded protein. The cDNA was expressed fused to maltosebinding protein in the pMAL-c2 expression vector. After induction of bacterial fusion protein expression and purification on amylose resin column, a major band of a -75-kDa protein was detected by SDS/PAGE. The fusion protein was cleaved with factor Xa to the expected 43-kDa maltose-binding protein and the 30-kDa cDNA product (data not shown). The yield was 10 mg of purified fusion protein per liter of bacterial culture.
A phosphoryl transferase assay was used to determine the substrate specificity of the purified recombinant enzyme. The enzyme efficiently phosphorylated dAdo, dGuo, dlno, CdA, and araG, whereas Thd, 9-,B-D-arabinofuranosyladenine, and 9-p3-D-arabinofuranosylcytosine were not substrates for the enzyme (Table 1) . Low levels of phosphorylated dCyd were also detected by this assay. A 50-fold excess of dCyd had, however, no inhibitory effect on CdA phosphorylation, indicating a very low affinity for dCyd as compared with CdA as a substrate (data not shown). The 3'-modified dideoxyribonucleoside analogs 2',3'-dideoxycytidine, 2',3'-dideoxyguanosine, 2' ,3 '-dideoxyinosine, 3 '-azido-2' ,3 '-dideoxyguanosine, and 3'-azido-3'-deoxythymidine were not phosphorylated by the enzyme. The substrate specificity of the recombinant enzyme and the substrate specificity reported for purified native dGK (7-10) are the same. Our conclusion is therefore that the cloned cDNA encodes human dGK.
Sequence Analysis and Comparisons. By determining the genomic DNA sequence upstream of the cDNA sequence available from GenBank data base, we identified an additional in-frame translation start codon 51 bp upstream of the one identified in isoform 1. The DNA and predicted amino acid sequences of dGK based upon the cDNA and the 5'-genomic sequence are shown in Fig. 2 . The N-terminal region of the protein lacked negatively charged residues, had high contents of positively charged residues, and had a secondary structure prediction indicated a potential a-helix (Fig. 3) . These features are common to most mitochondrial targeting signal peptides (18) and an algorithm analysis of partial amino acid composition indicated the intracellular location to be mitochondrial (19) . Of the two possible translation start codons in the The levels of phosphorylated products are expressed in relation to dGuo phosphorylation. araA, 9-03-D-arabinofuranosyladenine; and araC, 9-03-D-arabinofuranosylcytosine. 5 '-region, the upstream codon is the one we therefore suggest as the translation start site. A motif for mitochondrial prepeptide proteases was found with the cleavage site between Arg-39 and Arg-40 (20) (Fig. 3) . This putative cleavage site gave a 28-kDa mature protein, which has been shown to be the size of a purified dGK monomer (8, 9) .
The cDNA sequence of isoform 1 included a 780-bp open reading frame (Fig. 2 , base pairs 52-831) encoding a protein with 48% and 57% identity to human dCK at amino acid and nucleotide levels, respectively. The amino acid sequences of dCK and dGK were 51% identical in the region of the putative mature dGK.
Aligning the amino acid sequences of human dGK, human dCK, and herpes simplex virus type 1 thymidine kinase (HSV1.TK) showed that five of the six regions conserved in different herpes virus thymidine kinases (21) were also partially conserved in both dGK and dCK (Fig. 4) . The first site in the N-terminal region was homologous to the glycine loop motif that is conserved in many kinases and other nucleotidebinding enzymes (22) . These amino acid residues form in the HSV1.TK, an anion hole that coordinates the a, ,3, and y phosphates of ATP (23) . The ATP molecule is complexed with Mg2+, and the sequence alignment suggests Asp 147 in dGK to be responsible for the coordination of Mg2+. The other conserved regions have been shown for HSV1.TK to be involved in substrate binding (23) .
Northern Blot Analysis of dGK and dCK. Multiple tissue Northern blots were used to determine the size and tissue distribution of dGK and dCK mRNA (Fig. 5) . dGK mRNA was detected in all tissues investigated as a major band at 1.3 kbp with the highest levels in muscle, liver, brain, and lymphoid tissues. A shorter form of dGK mRNA at 1.0 kbp was also detected in several tissues. The human dCK probe hybridized with a single band at -2.8 kbp, with the highest levels in thymus, skeletal muscle, fetal liver, bone marrow, and brain. Major differences between dGK and dCK mRNA levels were found in adult liver and heart muscle. The levels of dCK mRNA in these tissues were very low, whereas dGK mRNA levels were high as compared with the levels in other tissues. Although the dCK mRNA level was very low in adult liver, it was high in fetal liver, probably explained by the role of fetal liver in hemopoiesis during fetal development. The levels of dGK mRNA in lymphoid tissues were fairly equal in the samples examined, whereas dCK had predominant expression in thymus, bone marrow, and lymph node. Surprisingly, no dCK mRNA was detectable in peripheral blood leukocytes, and the dGK mRNA level was also relatively low in these cells. No cross-hybridization between dCK and dGK was observed.
DISCUSSION
By identification of a cDNA clone homologous to human dCK, we have cloned and expressed an enzyme with the same substrate specificity and size as reported for homogeneously purified mitochondrial dGK. Previous studies demonstrate overlapping substrate specificities between dCK and dGK, and sequence homology was therefore not surprising. Although the overall amino acid homology to dCK was -48%, the N terminus had fewer conserved residues and was extended in dGK as compared with dCK. The N-terminal part of dGK had characteristic properties of a mitochondrial translocation signal peptide, and the proposed mitochondrial protease cleavage site gave a mature protein of 28 kDa, which corresponds well to the estimated size of purified dGK (8, 9) . Because dGK previously has been purified from mitochondria (8) (9) (10) , whereas dCK is a cytosolic enzyme (10) , the N-terminal differences are in agreement with the different intracellular locations of the two enzymes.
One important physiological function of dCK is considered to be in providing cells with deoxyribonucleotides for DNA repair (24) . The role of dGK would be to provide deoxyribonucleotides for mitochondrial DNA synthesis together with the other mitochondrial nucleoside kinase; thymidine kinase 2. Previous studies show that cell extracts from liver and brain have very low dCK activity (25, 26) . Although these tissues mainly consist of resting cells, there should be a demand for deoxyribonucleotides for DNA repair. Whether the high expression level of mitochondrial enzymes in these tissues is sufficient to provide phosphorylated nucleosides is not yet clarified.
The contribution of dGK in mediating cytotoxicity of nucleoside analogs is unknown. A report on secondary loss of dGK activity without loss of dCK activity in purine nucleoside phosphorylase-deficient mice (27) suggests that dGK nucleoside phosphorylation can mediate cytotoxic effects. These findings may be important in studies of the purine nucleoside phosphorylase resistant nucleoside analog araG, a substrate of both dCK and dGK (6, 9, 12, 28 (28, 29) . The metabolic basis of the selective araG toxicity appears to be that T cells accumulate higher levels of araGTP than other cells (29) . araG may therefore be useful in treatment of T-cell malignancies, and clinical trials of araG therapy are in progress (30) . The cloning and expression of human dGK will hopefully contribute to the clarification of its role in both DNA precursor synthesis and nucleoside analog activation.
We do not know the function of the truncated dGK mRNA isoforms. (23) . The HSV1.TK structure provides information of amino acids involved in nucleoside recognition in dCK and dGK, because many of the active site residues are conserved in all these enzymes. One marked difference, however, between HSV1.TK and dCK/dGK is that the latter enzymes do not recognize thymine as a nucleoside base. The HSV1.TK Tyr-172 is conserved in many herpes virus thymidine kinases (21) , and the crystal structure demonstrates how this residue is involved in positioning of the thymine base. In dCK, the corresponding residue is also a tyrosine, but in dGK it is a phenylalanine (Phe-156), the only amino acid that can functionally replace the tyrosine at this position as determined by a random mutagenesis study on HSV1.TK (32) . Several of the regions described above as conserved between herpes virus thymidine kinases and dCK/dGK are also conserved in the heterodimeric deoxyguanosine/deoxyadenosine kinase of Lactobacillus acidophilus R-26 (33 
